The MEX1 locus of Chlamydomonas reinhardtii was identified in a genetic screen as a factor that affects starch metabolism. Mutation of MEX1 causes a slow-down in the mobilization of storage polysaccharide. Cosegregation and functional complementation analyses were used to assess the involvement of the Mex1 protein in starch degradation. Heterologous expression experiments performed in Escherichia coli and Arabidopsis thaliana allowed us to test the capacity of the algal protein in maltose export. In contrast to the A. thaliana mex1 mutant, the mutation in C. reinhardtii does not lead to maltose accumulation and growth impairment. Although localized in the plastid envelope, the algal protein does not transport maltose efficiently across the envelope, but partly complements the higher plant mutant. Both Mex orthologs restore the growth of the E. coli ptsG mutant strain on glucose-containing medium, revealing the capacity of these proteins to transport this hexose. These findings suggest that Mex1 is essential for starch mobilization in both Chlamydomonas and Arabidopsis, and that this protein family may support several functions and not only be restricted to maltose export across the plastidial envelope.
Introduction
Significant progress in the understanding of starch breakdown processes has been made during the past years. This is now a very active domain of research that essentially applies to diurnal Arabidopsis thaliana leaf starch mobilization (Smith et al., 2005) . A large proportion of the carbon assimilated in the light is stored in the chloroplast as transitory starch, which is subsequently degraded to sustain plant metabolism (Lloyd et al., 2005; Smith et al., 2005) . In vascular plant leaves, transitory starch breakdown at night occurs through a hydrolytic pathway with the production of glucose and maltose, which are exported to the cytosol to sustain sucrose synthesis (Heldt et al., 1977; Peavey et al., 1977; Herold et al., 1981; Stitt and Heldt, 1981; Neuhaus and Schulte, 1996; Schleucher et al., 1998; Servaites and Geiger, 2002; Ritte and Raschke, 2003; Chia et al., 2004; Weber, 2004; Lloyd et al., 2005) . Maltose represents the major plastid-exported product of hydrolytic starch breakdown at night (Weise et al., 2004 and ). An A. thaliana mutant accumulating both starch and maltose was shown to be defective for a plastid envelope maltose transporter called Mex1 (Niittylä et al., 2004) . The mex1 mutant showed a severe growth retardation phenotype; this finding revealed the crucial role of maltose export. In the cytosol, maltose is converted into glucose and glucose-1-phosphate by the disproportionating enzyme 2 (DPE2) and a cytosolic isoform of starch phosphorylase (PHS2) to feed sucrose metabolism Lu and Sharkey, 2004; Weber, 2004; Lloyd et al., 2005; Smith et al., 2004) . Double mutant plants defective for both the maltose and the glucose transporters (At5g16150) display a more severe phenotype than the single mex mutant, revealing the importance of a glucose route for the export of starch degradation products (Cho et al., 2011) . The Chlamydomonas genome contains a gene that shares similarities with the higher plant glucose transporter (Cre03.g206800). However, the function of this protein remains to be determined.
The discovery of MEX1 homologous genes in several higher plants provides evidence in favor of a widespread function of this protein in maltose export during starch mobilization. Functional complementation of the Arabidopsis mex1 mutant with the orthologous apple cDNA leads to restoration of the wild-type phenotype, demonstrating a strong functional conservation between the two proteins (Reidel et al., 2008) . In that study, expression of the apple gene was maximal in mature leaves but was also detected in fruits and roots, suggesting a possible role for this protein in starch mobilization in sink organs. A Chlamydomonas reinhardtii mutant displaying an abnormal lipid content phenotype was isolated recently. This mutant contains an insertion into the MEX gene (Jang et al., 2015) . It over-accumulates starch and was not able to reach as high as a cell density as the reference strain in acetate-supplied cultures. It was suggested that the Chlamydomonas MEX gene is orthologous to the maltose exporter-encoding gene of Arabidopsis that exports photoassimilates from the chloroplast to sustain normal plant growth. However, the function of this gene in starch degradation was not tested, nor was the capacity of the encoded protein in transporting maltose.
Chlamydomonas reinhardtii is a eukaryotic, unicellular, haploid green alga that is found in soil and a variety of freshwater habitats (Harris, 1989) . Starch metabolism occurs with the same complexity in vascular plants and in C. reinhardtii, suggesting that the latter is suitable to use as a model to investigate starch metabolism (Deschamps et al., 2008) . Several crucial functions in starch synthesis have been discovered in Chlamydomonas (Mouille et al., 1996; Dauvillée et al., 2006) . In addition, manipulating culture conditions is a simple way to trigger high or low starch accumulation or even degradation, thus facilitating screening for mutants affected in starch synthesis or starch degradation (Libessart et al., 1995; Dauvillée et al., 2006) . Thus, Chlamydomonas offers a versatile plant model in which it is possible to decipher the function of a particular gene in starch metabolism.
In this study, we isolated and characterized a C. reinhardtii strain (CAT3), which was mutated at the MEX1 locus by plasmid insertional mutagenesis. Cosegregation and functional complementation analyses demonstrated the major role of this protein in normal starch degradation. However, heterologous expression of the algal Mex1 protein in Escherichia coli and A. thaliana revealed only a very low or absent capacity of this enzyme to export maltose across the plastid envelope but showed that both Mex proteins are also able to transport glucose. These observations suggest that maltose export is not the only function played by the Mex1 protein to achieve efficient starch degradation in the green lineage.
Materials and methods

Organisms and growth conditions
The C. reinhardtii wild-type strain 137C (mt-nit1 nit2) was used for nuclear genome transformation. The mt+ wild-type strain 37 (ac14 pab2) was crossed with the mt-mutant strain for cosegregation analysis. All experiments were carried out at 20 °C in continuous light (40 µmol m −2 s −1 ) in the presence of acetate in liquid cultures with 120 rpm shaking. The culture medium used and genetics experiments performed were as described in Harris et al. (1989) . Paromomycin (10 µg ml ) and hygromycin (20 µg ml −1 ) were used for selection. The A. thaliana mex1 mutant line was obtained from Syngenta (SAIL_574_D11.v1). Plants were grown in soil together with the wild-type Col-0 in a growth chamber under controlled conditions (12 h light:12 h darkness; 23 °C:20 °C; 75% humidity; and a light intensity of 120 μmol m −2 s −1 supplied by white fluorescent lamps). After 5 weeks, rosette leaves were harvested and immediately frozen in liquid nitrogen, and subsequently stored at -80 °C until use.
Growth analysis with heterologous expression of MEX1 was performed at 37 °C in M9 medium containing 0.5% glucose, maltose, glucose-1-phosphate, maltotriose, mannose, or glycerol as carbon source, in the presence of 0.5 mM isopropyl β-D-1-thiogalactopyranoside for protein expression induction and 100 µg ml −1 ampicillin. The MG1655 ΔptsG deletion mutant (Steinsiek and Bettenbrock, 2012) was obtained from the Magdeburg Max Planck Institute and was used to assess growth on glucose and glucose-1-phosphate. The malF E. coli strain TST6 (F-, [araD139] B/r , Δ(argF-lac) 169, λ-, flhD5301, Δ(fruK-yeiR) 725(fruA25), relA1, rpsL150(strR), rbsR22, malF55::Tn10, , deoC1) was obtained from the Coli Genetic Stock Center and used to test growth on maltose. The ptsG::Kan mutant (F-, Δ(araD-araB) 567, ΔlacZ4787(::rrnB-3), λ-, ΔptsG763::kan, rph-1, Δ(rhaD-rhaB) 568, hsdR514) was used to construct the ptsG malF double mutant through P1vir transduction (Thomason et al., 2007) intoTST6.
Similarity searches and phylogenetic inference
A set of proteins similar to C. reinhardtii MEX was collected using BlastP against refseq (Release 79) (Altschul et al., 1997; Pruitt et al., 2007) . All hits with an e-value lower than 1e-10 were retrieved and aligned using Mafft v7.123b (Katoh and Toh, 2008) . Highly variable sites were removed using BMGE v1.0 (Criscuolo and Gribaldo, 2010 ) and a first maximum likelihood (ML) tree was reconstructed using FastTree v2.1.7 (Price et al., 2010) with default parameters. This original tree was manually inspected and pruned by removing identical duplicates as well as paralogs shared only by closely related species. The final set of proteins was realigned, edited as previously, and used to infer a ML tree using IQtree v1.5.1 (CAT 20 + 1 & Gamma, 1000 pseudo-bootstrap replicates) (Minh et al., 2013; Nguyen et al., 2015) . The same ML reconstruction was also made from the original alignment. Global pairwise alignments were processed on 16 proteins picked from the final subset using the SmithWaterman algorithm implemented in the FASTA package v.36.3.8d using the VT200 substitution matrix (Pearson and Lipman 1988) . The values reported in Supplementary Table S1 at JXB online are percentages of similar amino acids relative to the number of aligned positions.
Chlamydomonas nuclear genome transformation
The CAT3 mutant was isolated after nuclear genome transformation of the wild-type strain 137C using the pSL18 plasmid previously linearized by EcoRI, conferring resistance to paromomycin, and following the method described by Fischer and Rochaix (2001) .
For functional complementation, the mutant strain was transformed either with an empty pSLHyg vector conferring resistance to hygromycin (20 µg ml −1 ) or with the same vector containing either the Chlamydomonas or the Arabidopsis MEX1 gene, using the glass bead transformation method described by Kindle (1990) .
Starch and water-soluble polysaccharide assays
Chlamydomonas cells were disrupted by sonication and the crude extracts obtained were centrifuged at 13 000 g for 15 min at 4 °C. Starch contained in the pellet was purified on a Percoll gradient as previously described (Delrue et al., 1992) . The supernatant containing water-soluble polysaccharide (WSP) (including maltose) was immediately boiled for 5 min to inactivate enzymatic activity.
Starch and maltose in Arabidopsis wild-type, mutant, and transgenic plants were extracted as follows. Leaves were harvested and immediately plunged into liquid nitrogen. The samples were then extracted in an ice-cold buffer [100 mM 3-(N-morpholino) propanesulfonic acid, pH 7.2, 5 mM EDTA, 10% (v/v) ethanediol] and homogenized using a Polytron blender. After centrifugation of the homogenate for 10 min at 10 000 g at 4 °C, the supernatant was immediately boiled for 5 min and then used in the WSP assay. The starch contained in the pellet was purified on a Percoll gradient (20 min at 10 000 g at 4 °C) and washed twice with sterile cold water.
Purified starches and WSP were assayed using the Enzytec Starch kit (R-Biopharm). Dilutions of boiled starches or supernatants were digested with amyloglucosidase for 15 min at 55 °C in 100 mM citrate buffer, pH 4.6. The glucose content was determined after the addition of hexokinase and glucose-6-phosphate dehydrogenase (in 250 mM triethanolamine, pH 7.6, 3.5 mM NADP, 11 mM ATP buffer) through the increase in the absorbance at 340 nm, corresponding to the reduction of NADP + to NADPH,H + . Free glucose in the WSP fraction was determined with the same protocol but omitting the amyloglucosidase digestion step.
Molecular techniques
All oligonucleotides used in this study are described and listed in Supplementary Table S2 .
Total DNA from Chlamydomonas was extracted as previously described (Rochaix et al., 1991) .Inverse PCR was used to obtain the DNA sequences flanking the pSL18 insertion site using the primers and cycling parameters previously described (Tunçay et al., 2013) . Homology searches were performed using the Phytozome website (Goodstein et al., 2012) .
Total RNA from Chlamydomonas was extracted following an established protocol (Merendino et al., 2003) . RNAs from Arabidopsis and E. coli were extracted using the Nucleospin RNA Plant kit and Nucleospin RNA plus (Macherey-Nagel), respectively, following the manufacturer's instructions.
An aliquot of 1 µg of total RNA was used for reverse transcription (RT)-PCR analysis using the One Step RT PCR-Kit (Qiagen) following the manufacturer's instructions. For E. coli, cDNA synthesis was performed using the Invitrogen first-strand synthesis kit with random primers. PCR amplification was performed with specific primers on 500 ng of cDNA; a control reaction without reverse transcription was used to assess the presence of contaminating DNA.
The complete Chlamydomonas MEX1 gene was amplified as a 2.8 kb fragment and was subsequently cloned using the TOPO TA Cloning Kit (Invitrogen). This genomic DNA fragment was transferred into pSLHyg (Dauvillée et al., 2006) in the EcoRV site downstream of the PsaD promoter and 5ʹ-UTR. The Arabidopsis gene (2.4 kb) was cloned in the same plasmid between the PstI and XbaI unique sites of the vector. Both plasmids were used to transform the Chlamydomonas CAT3 mutant strain.
For genotyping of the meiotic progeny, a PCR assay involving three primers was used, which allowed the amplification of either a 1316 bp fragment of the wild-type gene or a 670 bp fragment specific to the mutagenesis plasmid insertion at the MEX locus.
For heterologous complementation of the Arabidopsis mex1 mutant, a codon-optimized Chlamydomonas MEX1 cDNA (corresponding to the available expressed sequence tags) devoided of its endogenous transit peptide (i.e. with the codons encoding the 26 first amino acids deleted) was synthesized (Eurofins). The corresponding 1038 bp fragment was then fused to the Arabidopsis ISA1 (At2g39930) transit peptide, which has previously been shown to be efficient at targeting a protein to the Arabidopsis plastid (Facon et al., 2013) . This chimeric gene was cloned in the pENTR D-TOPO vector (Invitrogen) then inserted in the pMDC32 expression vector using the Gateway cloning kit (Invitrogen). Agrobacterium tumefaciens strain GV3101 was transformed and used for Arabidopsis transformation (Facon et al., 2013) .
The expression of both the endogenous Arabidopsis MEX1 locus and the Chlamydomonas transgene was checked by RT-PCR using specific primers (Supplementary Table S2 ).
For complementation of the malF E. coli strain, the Arabidopsis MEX1 cDNA and the codon-optimized Chlamydomonas gene were amplified and cloned using the TOPO TA Cloning kit and finally inserted into pQE-30 (Qiagen) between the BamHI and KpnI sites.
Protoplast isolation and transformation
Arabidopsis protoplasts were isolated from 3-week-old plants grown on Murashige and Skoog agar medium and then transfected by using polyethylene glycol-mediated DNA uptake (Szydlowski et al., 2013) .
Confocal imagery
Transfected Arabidopsis protoplasts were observed on a Zeiss LSM 780 confocal microscope. Autofluorescence of chlorophyll and green fluorescent protein (GFP) signal was excited at 405 nm and 488 nm, and collected at 593-735 nm and 493-560 nm ranges, respectively. All images were analyzed with Zeiss Zen 2012 software.
Results
Isolation and phenotypic characterization of the C. reinhardtii CAT3 mutant
Recently, we isolated 31 Chlamydomonas candidate strains displaying a starch degradation defective phenotype through plasmid insertional mutagenesis of the reference strain 137C (Tunçay et al., 2013) . Upon iodine staining, the CAT3 mutant harbored a black-staining phenotype after 24 hours of degradation, suggesting that starch degradation or accumulation is impaired (Fig. 1A) . This mutant accumulated three times as much starch as the isogenic wild-type strain when grown in mixotrophic (acetate+continuous light) conditions (Table 1) . In photoautotrophic (no acetate+12 h light:12 h dark cycles) conditions, the difference between the mutant and the wildtype was less pronounced, as CAT3 accumulated 120% of the quantity of starch in the wild-type recorded at the end of the day ( Supplementary Fig. S1 ). This starch excess (sex) phenotype was also observed when the cells were subjected to nitrogen starvation, as CAT3 accumulated two times as much polysaccharide as the wild-type (Table 1 ). The structure of the storage starch accumulated by the CAT3 mutant was indistinguishable from that in the wild-type when analyzed by gel permeation chromatography ( Supplementary Fig. S2A , B) and in terms of its amylopectin chain length distribution (Supplementary Fig. S2C-E) .
To discriminate between a simple over-accumulation of starch and a genuine defect in starch mobilization in the CAT3 mutant, we performed time-course experiments to assess starch degradation with cells grown in liquid medium. After 5 days in nitrogen starvation conditions under continuous light, allowing massive starch accumulation, cells of each strain were transferred to TMP (without acetate but with a nitrogen source) liquid medium and incubated in the dark. At different time points, aliquots of the culture were harvested and used to quantify the amount of residual starch. After 24 h of darkness, the CAT3 mutant still contained 80% of its initial amount of polysaccharide, while the wild-type had degraded 60% of its initial starch content during the same period (Fig. 1B) . This slow-down of starch degradation was observed at each time point. In terms of absolute values, the mutant again displayed a slow-down, with an average rate of degradation of 0.5 µg starch.10 6 cells h −1 compared with the 0.75 µg starch.10 6 cells h −1 recorded for the isogenic reference strain. Under phototrophic conditions (synchronized cells cultured under 12 h light/12 h dark conditions without acetate), we did not observe significant differences in starch degradation rates between the wild-type and the CAT3 mutant ( Supplementary Fig. S1 ). In mixotrophic conditions (acetate and continuous light), a strong difference in the starch content was recorded between CAT3 and wild-type, with the mutant accumulating three times as much starch as the isogenic wild-type (Table 1) . However, we were not able to test the degradation rate in the CAT3 mutant, since under these growth conditions cells are not synchronized. These results suggest that the CAT3 mutant carries one or more mutations leading to impaired starch degradation after massive accumulation under nitrogen starvation conditions. The phenotype was less pronounced when cells were cultivated under low starch accumulation conditions ( Supplementary Fig. S1 ).
We also tried to assay free glucose or WSP (including maltose) in both the wild-type and the CAT3 mutant. However, if any glucose or WSP accumulated in these strains during starch degradation, this was in amounts below the detection limit of our assay procedure (25 ng.10 6 cells).
Identification of the mutation in CAT3 and genetic analyses
The CAT3 mutant was produced by plasmid insertional mutagenesis and thermal asymmetric interlaced PCR was used to identify the insertion of the plasmid DNA into a gene located on chromosome 12 (Tunçay et al., 2013; Cre12. g486600, Phytozome v12.1 ). This gene is putatively an ortholog of the Mex1 transporter previously characterized in A. thaliana (Niittylä et al., 2004) and thus represents the second mutant allele for this gene in Chlamydomonas (Jang et al., 2015) . The algal locus encodes a predicted protein of 371 amino acids sharing only 34.2% sequence identity with the higher plant Mex1 transporter. However, the algal protein contains a putative 26 amino acid transit peptide (as determined by ChloroP; http://www.cbs.dtu.dk/services/ChloroP/) and nine transmembrane domains (TMHMM; http://www. cbs.dtu.dk/services/TMHMM/), suggesting that it is likely a membrane protein. Because of the low amino-acid sequence identity between the Chlamydomonas and Arabidopsis proteins, it appeared essential to check that genes coding MEX proteins in plants were actual orthologs. We have collected and reconstructed a phylogenetic tree of all proteins similar to the C. reinhardtii MEX available in public databases (for details, see Materials and methods). For the sake of clarity, a lightened but representative phylogenetic tree is presented in Fig. 2 (the corresponding comprehensive tree in the Newick format is available as Supplementary File S1). Analysis of the phylogeny of MEX proteins shows that all Viridiplantae share an orthologous MEX gene, which their common ancestor likely inherited from cyanobacteria (Fig. 2) . This gene phylogeny is mostly congruent with the species phylogeny and pseudo-bootstrap values are quite high. There is no sign The Chlamydomonas wild-type strain 137C and the isogenic mutant CAT3 were grown for 5 days under nitrogen starvation (TAP -N) or 3 days in mixotrophic conditions (TAP +N, acetate+light) prior to starch extraction and assay. Values are the means±SD of five independent experiments. of ancient paralogy; the only paralogs that we could detect are either specific duplications or restricted to closely related species. Global pairwise alignments of a subset of these proteins showed that Chlorophyta, including Chlamydomonas, share 70% or more similarity with Streptophyta, and that Cyanobacteria share ~60% similarity with Viridiplantae (Supplementary Table S1 ). These results indicate that the MEX gene of C. reinhardtii is certainly a genuine ortholog of the A. thaliana MEX gene.
In the CAT3 mutant, the pSL18 plasmid is integrated at nucleotide 285 of the gene, into the first intron. This insertion abolishes the correct expression of the gene, as suggested by the fact that it was impossible to amplify by RT-PCR a 374 bp region of the MEX1 mRNA localized downstream of the pSL18 genomic insertion site (Fig. 1C ). The CAT3 strain was then crossed with strain 37 (a C. reinhardtii segregant with a genetic background derived from the wild-type reference) and the meiotic progeny was analyzed by tetrad analysis. In total, eight tetrads were analyzed. First, several known characters (mt+ and mt-alleles, ac14-, pab2-, nit1-, and nit2-) were checked to ensure that segregation occurred correctly in the progeny (data not shown). Second, the insertion of the pSL18 plasmid into the MEX1 locus was tested by PCR. Briefly, PCRs were performed on genomic DNA using a mix of three oligonucleotide primers that discriminate between the wildtype and the mutant alleles. Two primers, corresponding to the sequence of the MEX1 gene, were chosen on both sides of the insertion. The third primer was complementary to the plasmid sequence ( Supplementary Fig. S3A ). In the case of the wild-type allele, a 1316 bp amplicon is expected, while in the case of the mutant allele, a 670 bp amplicon is expected. In all eight tetrads, a Mendelian segregation was obtained, with two spores carrying the wild-type allele and two carrying the disrupted gene ( Fig. 3A; Supplementary Fig. S3B ). Finally, the starch degradation phenotype was scored in the progeny. The phenotypic segregation fitted that expected for a single Mendelian trait (two wild-type and two mutant spores per tetrad; Supplementary Fig. S3C ). Moreover, the mutant starch phenotype was recorded only for the progeny carrying the disrupted gene. Indeed, the 16 mutant segregants still contained 84 ± 15% of the initial starch amount after 24 h of darkness, while the 16 wild-type segregants contained only 37 ± 15% ( Fig. 3B; Supplementary Fig. S3C ). We were not able to assay any WSP (including maltose or glucose) in any of the progeny, revealing that these carbohydrates do not accumulate to measurable concentrations in either the wildtype or the mutant strains.
We also introduced the wild-type genomic sequence of MEX1 into the CAT3 mutant. To this end, the 2.7 kb region between the start and the stop codon was amplified by PCR and then cloned into the pSLHyg plasmid containing the Aph7″ gene conferring hygromycin resistance to cells (Berthold et al., 2002) . Transformants were selected on TAP plates containing both paromomycin (pSL18) and hygromycin. Of the over 70 double resistant clones selected, 47 displayed a wild-type phenotype in terms of starch accumulation and degradation upon iodine staining (Fig. 4A) . In parallel, the original CAT3 mutant was also transformed with an empty linearized pSLHyg vector. Of over 20 transformants resistant to both paromomycin and hygromycin, none recovered the wild-type phenotype as tested by iodine staining (Fig. 4A) . This result was confirmed by assaying residual starch content after 24 h degradation in the dark in a subset of 12 out of the 47 complemented strains and 4 out of the 20 strains transformed with the empty vector. We observed a perfect correlation between the iodine staining phenotype and the starch assay, as illustrated in Fig. 4B by strains NC1 and C1. In strain C1, the restoration of the wild-type phenotype was correlated to the expression of MEX1 mRNA as revealed by RT-PCR analysis (Fig. 4C) .
Complementation of the A. thaliana mex1 mutant with the C. reinhardtii MEX1 gene
The cosegregation and functional complementation analyses described above suggest that the algal Mex1 protein is actively involved in storage starch degradation. However, the importance of this function in transient starch breakdown is limited, as no difference between the CAT3 mutant and the isogenic wild-type 137C strain could be observed when cells were cultivated in diurnal phototrophic culture conditions. Moreover, in contrast to the situation observed in Arabidopsis, we were unable to assay any maltose in CAT3 Fig. 3 . Cosegregration analysis. (A) Wild-type and mutant progeny were obtained by crossing the original CAT3 mutant and the wild-type reference strain 37 of the opposite mating type. PCR analysis was performed on genomic DNA of each strain, allowing the detection of either a 1316 bp fragment of the wild-type locus or a 670 bp product corresponding to the plasmid insertion into the MEX1 gene. (B) Residual starch amounts after 24 h of degradation in darkness. All the mutant and wild-type strains from eight complete tetrads were cultivated for 5 days under nitrogen starvation conditions. The cells were then transferred to TMP medium and incubated in the dark for 24 h. Starch was assayed and is expressed as a percentage of the initial amount. Results are expressed as means±SE for the mutant (black) and the wild-type (white) progeny. ***P<0.001 (Student's t test).
even during starch degradation in the dark. Functional complementation of the A. thaliana mex1 mutant has previously been achieved using the homologous gene from apple, leading to full restoration of the wild-type phenotype (Reidel et al., 2008) , showing that both apple and A. thaliana proteins share the same function. A synthetic codon-optimized cDNA of the C. reinhardtii protein was introduced into the A. thaliana mex1 mutant. To ensure correct targeting of the algal protein, the synthetic cDNA was fused to the Arabidopsis ISA1 gene transit peptide sequence previously successfully used for the expression of maize proteins inside the Arabidopsis plastid (Facon et al., 2013 ). The chimeric cDNA was then subcloned into pMDC32 and placed under the control of the 35S promoter (Curtis and Grossniklaus, 2003) . This vector was introduced into Agrobacterium strain GV3101:pMP90 (Koncz and Schell, 1986) , which was used to transform the Arabidopsis mex1 mutant by the floral dip method (Clough and Bent, 1998) . Approximately 500 transformed hygromycin-resistant plants were selected. The presence of the transgene was confirmed on a subset of 10 individuals by PCR amplification of a 1050 bp fragment of the algal gene, performed on total genomic DNA (Fig. 5A ). All further experiments were performed on T2 hygromycin-resistant plants. Expression of the C. reinhardtii gene in the selected transgenic plants was assessed by RT-PCR using primers specific to the algal synthetic gene (Fig. 5B) . The phenotype of the transgenic T2 plants was indistinguishable from that of the wild-type, with no detectable chlorosis or growth stunting (Fig. 6A, Supplementary Table S3 ). However, although a wild-type growth phenotype was recorded in all the transgenic lines tested (n=7), none of them fully recovered a normal starch and maltose accumulation phenotype. Indeed, at the end of night, all transgenic lines still contained at least three times as much starch as the wild-type (Fig. 6B ). In the transgenic lines, maltose content remained high at the end of night (~0.5 mg g −1 FW) while maltose was not detectable in the wild-type. Some of the complemented lines were statistically indistinguishable from the original Arabidopsis mex1 mutant in terms of starch and maltose contents measured at the end of night (Fig. 6B) . Nevertheless, the growth of these plants was comparable to that of the wild-type and the other transgenic lines (Fig. 6A) . In the transgenic plants in which the most pronounced decreases in starch and maltose were recorded, the amounts of these two polysaccharides were still very high and typical of the amounts recorded in mex1 mutant lines (Fig. 6B) .
The localization of the algal protein in the A. thaliana cell was then investigated. Transient expression of the C. reinhardtii MEX1 cDNA fused to GFP in A. thaliana protoplasts revealed that the algal protein was localized, as expected, in the chloroplast envelope membrane (Fig. 7) .
As the C. reinhardtii Mex1 protein was not able to fully revert the mutant phenotype of the A. thaliana mutant, we tried to complement the algal mutant with the higher plant MEX1 gene. The complete gDNA fragment encoding the A. thaliana MEX1 locus was amplified from the start to the stop codon and cloned in the pSL-Hyg plasmid, which was then used to transform the CAT3 mutant. The transformed (hygromycin-resistant) algae were subjected to the two-step iodine phenotypic screen; we observed a wild-type starch mobilization phenotype in 14 of the 24 transformants tested (Fig. 8A) . The presence of efficient starch degradation Samples of 1 μg of total RNA extracted from the wild-type strain 137C, the original CAT3 mutant, the complemented strain C1, and the noncomplemented strain NC1 were used to amplify a 375 bp fragment of the MEX1 gene by RT-PCR. A 736 bp fragment of the starch phosphorylase gene (PHOB) was amplified as a control. (C) Kinetics of starch degradation. Cells were incubated for 5 days in the light under nitrogen starvation conditions and then transferred into darkness after alleviation of nitrogen starvation. Starch was assayed at each time point and expressed as a percentage of the initial quantity for the wild-type strain 137C (white), the original CAT3 mutant (black), a non-complemented strain (dark grey), and a complemented mutant (light grey). Results are expressed as means±SE of three independent experiments. *P<0.05, **P<0.01 (Student's t test). was ascertained using starch degradation kinetics in liquid cultures (Fig. 8B) , and the expression of the higher plant transgene was assessed by RT-PCR analysis (Fig. 8C) . These results revealed the capacity of the A. thaliana Mex1 protein to complement the mutant phenotype of CAT3.
Because of the high levels of maltose detected in the transgenic lines expressing the algal Mex1 protein, we tested the capacity of this protein to facilitate maltose movement across membranes by transforming the E. coli TST6 strain, a malF mutant defective for a component of the maltose transporter that is unable to grow on a medium where maltose is the sole source of carbon. While growth on maltose-containing medium was restored for bacteria transformed with a construct encoding the A. thaliana MEX1 cDNA, no growth could be detected on the same medium when the C. reinhardtii synthetic cDNA (with optimized codons for expression in E. coli) was expressed (Fig. 9A) . The expression of both transgenes was confirmed by RT-PCR analysis (Fig. 9B ) but we were unable to detect any of the two plant proteins in the transformed bacteria through the use of a α-His antibody (both plant recombinant proteins were tagged with a 6xHis sequence added to their C-terminal sequence). We also investigated the ability of the two proteins to transport other sugars. In the malF mutant, maltotriose was also assessed but did not support bacterial growth of mutants expressing either the Chlamydomonas or the Arabidopsis Mex protein (data not shown). However, transformation with both the Arabidopsis and the Chlamydomonas MEX transgenes supported the growth of an E. coli ptsG mutant (defective for the major glucose transporter; Steinsiek and Bettenbrock, 2012) on both glucose and glucose-1-phosphate (Fig. 9C) . The E. coli agp mutant strain (defective for the periplasmic glucose-1-phosphatase; Pradel and Boquet, 1991) was used to check the capacity of the Mex proteins to transport glucose-1-phosphate. Expression of either the Chlamydomonas or the Arabidopsis protein did not restore growth of this mutant on glucose-1-phosphate ( Supplementary Fig. S4 ). The same experimental set-up was also used in an E. coli strain carrying both ptsG and malF mutations. Expression of the A. thaliana Mex protein restored growth on either maltose or glucose, while the C. reinhardtii protein allowed complementation only if glucose was used as the carbon source (Fig. 9D) .
Discussion
The C. reinhardtii MEX locus is mandatory for storage starch degradation
In this study, we isolated a C. reinhardtii mutant strain (CAT3), produced by plasmid insertional mutagenesis, that was selected for its anomaly in starch degradation. The CAT3 mutant has a starch excess phenotype recorded at the end of an extended period of starch degradation in the dark (Fig. 1) applied after the cells were kept for several days in conditions of high starch accumulation. The corresponding mutation segregates as a single Mendelian trait and a perfect cosegregation was observed between the presence of the mutation and the starch excess phenotype. We were able to identify the mutated gene responsible for the starch excess phenotype. Extensive phylogenetic analysis revealed that this gene is the algal ortholog of the Mex1 protein identified in A. thaliana (Niittylä et al., 2004) and that all the Mex proteins identified derive from a common cyanobacterial ancestor ( Fig. 2 ; Supplementary File S1). It has been shown that A. thaliana Mex1 is localized in the chloroplast envelope and is a transporter of maltose between the stroma and the cytosol Fig. 8 . Expression of Arabidopsis MEX1 in the Chlamydomonas CAT3 mutant. (A) Two-step iodine screening was performed on four hygromycinresistant strains obtained after nuclear transformation of the CAT3 mutant with either an empty pSLHyg vector (second row, strains NCA1-NCA4) or with the complementation plasmid carrying the Arabidopsis MEX1 gene (third row, strains CA1-CA4) and compared to the wild-type (137C, left) and mutant (CAT3, right) strains (first row). (B) Kinetics of starch degradation. Cells were incubated for 5 days in the light under nitrogen starvation conditions and then transferred into darkness after alleviation of nitrogen starvation. Starch was assayed at each time point and expressed as a percentage of the initial quantity for the wild-type strain 137C (white), the original CAT3 mutant (black), two complemented mutants CA2 (light grey) and CA3 (dark grey) and a strain transformed with the empty vector (NCA1) (hatched). (C) RT-PCR analysis. Samples of 1 μg of total RNA extracted from the original CAT3 mutant, the non-complemented strain NCA1, and the complemented strains CA2 and CA3 were used to amplify a 247 bp fragment of the Arabidopsis MEX1 gene by RT-PCR. A 736 bp fragment of the starch phosphorylase gene (PHOB) was amplified as a control. MW, molecular size marker. (Niittylä et al., 2004) . The same function and localization was suggested for the Chlamydomonas ortholog because of the high starch content and lower cell density reached in acetatesupplied culture (Jang et al., 2015) .
Although the C. reinhardtii CAT3 protein shares only 32% identity with A. thaliana Mex1, pairwise global alignment has demonstrated that the Chlamydomonas and Arabidopsis proteins share more than 70% similarity (Supplementary Table S1 ). Moreover, the Chlamydomonas protein contains an N-terminal signal sequence for plastid targeting, and in silico sequence analysis identified nine transmembrane domains, suggesting that this protein may be anchored in the plastid envelope, like its Arabidopsis counterpart. Indeed, when expressed in A. thaliana protoplasts, the C. reinhardtii CAT3 protein was localized in the chloroplast envelope, confirming that it is a putative Mex1-like protein. However, the impact of a mutation at the CAT3 locus on starch degradation was recorded only when C. reinhardtii cells were first cultivated in conditions of massive starch accumulation (i.e. nitrogen starvation). When synchronized cells were cultivated in day/night cycles no impact on starch degradation was observed ( Supplementary Fig. S1 ), suggesting a different function in the two organisms. '-') . MW, molecular size marker. (C) The ptsG mutant carrying the pQE30 (black), pQE Mex At (grey), or pQE Mex Cr (white) plasmid was grown for 24 h in M9 medium containing 0.5% of different carbon sources (glucose, maltose, glucose-1-phosphate, and glycerol). Results are expressed as the mean±SD of four independent cultures. *P<0.05, ***P<0.001 (Student's t test) (D) The ptsG malF double mutant carrying the pQE30 (black), pQE Mex At (grey), or pQE Mex Cr (white) plasmid was grown for 24 h in M9 medium containing 0.5% of different carbon sources (glucose, maltose, or mannose). Results are expressed as the mean±SD of four independent cultures. *P<0.05, ***P<0.001 (Student's t test).
The C. reinhardtii plastidial envelope CAT3 protein is not an efficient maltose transporter
In A. thaliana, a mex1 null mutant has a starch excess phenotype and accumulates high levels of maltose in leaves, which is not observed in the wild-type (Niittylä et al., 2004; Stettler et al., 2009 ). The Mex1 protein was shown to be involved in maltose export from the stroma to the cytosol. Maltose is the main molecule of starch degradation in A. thaliana leaves and is exported from the chloroplast at night (Weise et al., 2004) . The situation is quite different in C. reinhardtii, since it was impossible to observe maltose production during starch degradation in the wild-type despite the use of a highly sensitive assay. Previous work has suggested that the Chlamydomonas MEX gene could play the same role in starch degradation as the Arabidopsis ortholog (Jang et al., 2015) . However, we were not able to detect any significant accumulation of maltose in our mex mutant, whatever the growth condition used (i.e. massive or low starch accumulation in photo-autotrophic conditions). This difference between the two organisms may reflect a distinct function of the plastid envelope protein in microalgae and vascular plants. The capacity of the algal protein to transport maltose was then tested. While the A. thaliana Mex1 protein was able to restore the growth of the E. coli malF mutant cultivated in medium containing only maltose as a source of carbon (Niittylä et al., 2004) , the C. reinhardtii protein was unable to do so (Fig. 9A) , revealing its lack of capacity to efficiently transport maltose and also suggesting that it has another function in starch degradation. As functional complementation was achieved in the bacteria expressing the A. thaliana MEX1 cDNA, the lack of detection of the Mex1 protein by western blot suggests that either the protein is expressed at a very low level or that we were unable to extract enough recombinant protein from the bacterial membranes to detect it. For the bacteria carrying the plasmid encoding the Chlamydomonas cDNA, we cannot rule out the lack of complementation by the absence of translation of the mRNA we detected by RT-PCR. However, the observed difference in the capacity of the two different MEX1 cDNAs to complement the malF mutation can be correlated to the differences recorded in the two plant mutants (i.e. the lack of maltose accumulation in the C. reinhardtii mex1 mutant strain and the remaining high maltose found in the A. thaliana mex1 mutant transformed with the algal gene). Moreover, similar experiments performed in the E. coli malF ptsG double mutant defective for both maltose and glucose endogenous transporters revealed that both Chlamydomonas and Arabidopsis proteins are effectively expressed in E. coli and that both can transport glucose. We have also recorded restoration of growth when the ptsG mutant expressing the plant or the algal protein was cultivated with glucose-1-phosphate as a carbon source, suggesting that the phosphorylated sugar may be a suitable substrate for both Mex transporters. However, the use of the bacterial agp mutant strain in heterologous complementation experiments revealed that the growth recorded on glucose-1-phosphate was the consequence of the conversion of this phosphorylated sugar into glucose in the periplasm.
Our results suggest that the C. reinhardtii CAT3 protein is either unable to transport maltose or that it does transport maltose but at such a low rate that bacterial growth cannot be sustained. This result implies that maltose export is likely not the physiological function of this protein in Chlamydomonas, in contrast to what has previously been suggested (Jang et al., 2015) . Another explanation would be that maltose export requires the involvement of a factor lacking in E. coli. This was also suggested when the algal protein was expressed in the A. thaliana mex1 mutant. Indeed, the higher plant mutant phenotype was only partially complemented when the CAT3 protein was expressed in the mex1 mutant. The A. thaliana transgenic lines displayed a wild-type growth phenotype and the absence of necrotic leaf regions, which was suggestive of functional complementation of the mex1 mutation by the algal gene. However, and surprisingly, starch and maltose still accumulated in excess in the transgenic lines, as in the mex1 original mutant, indicating that complementation by the algal gene was not comprehensive. This result is different from that obtained by expression of the apple MEX1 orthologous cDNA in A. thaliana. In that case, full recovery of the wild-type phenotype was described, suggesting that both Arabidopsis and apple proteins have the same function (Reidel et al., 2008) . Our result also suggests that high starch and maltose accumulation in the A. thaliana mex1 mutant is not responsible for the retarded growth phenotype and the presence of necrotic areas of leaf.
At this stage, we can speculate on the existence of different functions of Mex in A. thaliana and C. reinhardtii even if this protein plays a central role in starch degradation in these two model organisms. Transient starch degradation at night has the major role of feeding of the rest of the plant by the production of sucrose. Sucrose is synthesized in the cytosol of leaf cells and is then subsequently exported to the sink organs. In a unicellular organism such as Chlamydomonas, such a mechanism of carbon export is not required. Indeed, sucrose has been detected in Chlamydomonas but only at very low levels, excluding an important role for this sugar in algal metabolism (Klein, 1987) . However, the expression of either Chlamydomonas or Arabidopsis Mex in E. coli revealed that both proteins are able to transport glucose, which could be the starch degradation products exported from the algal plastid to the cytosol. However, this hypothesis requires to be confirmed, as no glucose accumulation can be detected in the CAT3 mutant.
Another possible explanation is that the Chlamydomonas protein is not acting alone and requires one or more protein partners to transport maltose. Alternatively, the Chlamydomonas protein may differ from its plant ortholog through the requirement of post-translational modifications not available in bacteria. Expression of the Arabidopsis MEX1 gene in the Chlamydomonas mutant led to recovery of starch degradation, revealing that the higher plant protein is able to complement the missing function in the mutant alga. This finding could be explained if the degradation defect recorded in the original Chlamydomonas mutant is due to a decrease in glucose export from the plastid, as the Arabidopsis protein appears to be able to transport this hexose in addition to maltose. In this hypothesis, Arabidopsis Mex1 is involved in starch degradation as both a maltose and a glucose transporter, while the only function carried by the algal protein is the latter. In this case, expressing the Arabidopsis protein in the CAT3 mutant would lead to complete complementation, while only partial complementation would be achieved when the algal counterpart was expressed in the higher plant mutant.
Our results cannot exclude the possibility that the Chlamydomonas protein may be able to restore sufficient maltose transport in the transgenic Arabidopsis lines to sustain growth, but less efficiently than its plant ortholog. The Arabidopsis mex1 mutant not only over-accumulates starch and maltose in the chloroplast but also displays a leaf chlorotic phenotype and growth impairment (Niittylä et al., 2004) . Studies performed on the mex1 mutant and different double mutants have revealed a link between leaf chlorosis and the accumulation of maltose or malto-oligosaccharides in the chloroplast (Stettler et al., 2009) . Feeding the plants with exogenous sugars triggered an improvement in growth without rescuing the chlorotic phenotype, uncoupling the two phenomena. However, the nature of the signal that triggers chloroplast degradation in these mutant plants remains unclear (Stettler et al., 2009) . Mutagenesis of mex1/dpe1 double mutant lines, which display a strong chlorotic phenotype and high malto-oligosaccharide accumulation in the chloroplast, allowed the isolation of suppressor lines in which chlorosis does not develop even in the presence of elevated amounts of maltose (Stettler et al., 2009) . This reveals the possibility of dissociating the presence of excessive amounts of maltose in the chloroplast from the chlorotic phenotype. Moreover, studies performed on other Arabidopsis mutants, such as the transglucosidase DPE2 mutant, have revealed that excessive maltose accumulation is not mandatorily linked to strong chlorosis even if in this case maltose was found in both cytosol and chloroplast Lu and Sharkey, 2004; Lu et al., 2006) . The Arabidopsis transgenic lines expressing the Chlamydomonas Mex protein mimic the phenotype of these suppressor lines. This finding could be explained if the Chlamydomonas Mex protein is able to export enough glucose from the Arabidopsis plastid to sustain normal plant development, but does not explain the restoration of the chlorotic phenotype to a normal phenotype. A complete understanding of the precise roles of the Mex protein family in starch degradation, and of the evolution of their functions in this metabolic pathway, requires an indepth characterization of mutants in other plant models.
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